A B S T R A C T Cholesterol-rich membranes are the hallmark of "spur" red cells. Spur cells accumulate cholesterol from cholesterol-rich serum lipoproteins. Previous studies suggested that this added cholesterol is responsible for both the altered morphology and the destruction of spur cells. To examine this process in the absence of other serum factors, cholesterol-lecithin dispersions with varying amounts of unesterified cholesterol (C) relative to phospholipid (P) were prepared, and their influence on normal human red cells was studied.
INTRODUCTION
Spur cell anemia is an acquired hemolytic process occurring in patients with severe liver disease, usually alcoholic cirrhosis (1) (2) (3) . Recent studies have shown that in patients with spur cells there is an increase in the ratio of free (or unesterified) cholesterol relative to phospholipid both in serum and in red cells; moreover a strong correlation exists between this cholesterol-tophospholipid disproportion in serum low-density lipoproteins (LDL)1 and the same disproportion in red cell 1Abbreviation used in this paper: C/P, cholesterol-tophospholipid mole ratio; HDL, high-density lipoprotein; LCAT, lecithin-cholesterol acyl transferase; LDL, lowdensity lipoprotein.
The Journal of Clinical Investigation Volume 55 January 1975*115-126 membranes (4) . Because the spur cell phenomenon is acquired by normal red cells incubated in serum from patients with spur cells or by normal red cells infused into patients with spur cells, we have suggested that the serum lipoprotein abnormality is etiologic in the genesis of spur cells. However, other factors in patients' serum that might be active in vitro or in vivo could not be excluded. Therefore, we undertook to establish an artificial system that reproduced the cholesterol disproportion in the serum of patients with spur cells to study this factor in the absence of other influences.
The sonication of phospholipids, such as lecithin, alone or with varying amounts of cholesterol, disperses the lipid in aqueous buffers (5) . In 1968 Bruckdorfer, Edwards, Graham, and Green demonstrated that the cholesterol in sonicated mixtures of cholesterol and lecithin exchanges with the cholesterol in both LDL and red cell membranes (6, 7) . When red cells were incubated in sonicated mixtures that contained a cholesterol-tophospholipid mole ratio (C/P) of 1.0, they underwent no change in cholesterol content; however red cell membranes lost cholesterol when incubated with cholesterolphospholipid mixtures having a C/P of < 1.0. We have used cholesterol-rich sonicated mixtures (C/P > 1.0) similarly prepared to reproduce the serum lipoprotein abnormality of patients with spur cells. The finding that these cholesterol-rich dispersions were capable of inducing the spur cell defect in vitro afforded us an opportunity to assess certain physical characteristics of cholesterol-rich red cells and to apply this to a further understanding of the pathophysiology of spur cell anemia.
METHODS
Preparation and analysis of sonicated lipids and serum lipoproteins. L-a-dipalmitoyl lecithin (General Biochemicals Div., Mogul Corp., Chagrin Falls, Ohio), 40 mg, and cholesterol (Sigma Chemical Co., Inc., St. Louis, Mo.) in amounts up to 80 mg were added to 10 ml of 0.155 M NaCl in a fluted metal container surrounded by an ice slurry and subjected to 70 W for 60 min with a Branson sonifier (Branson Instruments Co., Stamford, Conn.) with a standard tip. After sonication, 4.0 ml of normal human serum previously heated to 560C for 30 min or 4.0 ml of human serum albumin (Sigma Chemical Co.) in 0.155 M NaCl at a concentration of 2.0 g/100 ml was added, and the serumsonicate or albumin-sonicate mixture was centrifuged at 21,800 g for 30 min to sediment undispersed lipid. Except in dispersons containing more than 40 mg of cholesterol, only trace amounts of lipid were sedimented.
Serum and sonicate lipids were extracted with acetone: ethanol ( 1: 1) for measurement of cholesterol (8) , free cholesterol (9) , and lipid phosphorus (10) . Phospholipid values were calculated by multiplying lipid phosphorus values times 25. Individual phospholipids were quantitated by thin layer chromatography with chloroform: methanol: glacial acetic acid:water (25: 15:4:2) (11).
Individual serum lipoproteins were separated by density centrifugation with KBr (12) . The density of sonicated lipids was determined by centrifugation at 108,000 g for 16 h at various KBr concentrations. The osmotic fragility of red cells after incubation was determined after further dilution with 1.5 vol of Hanks', as described previously (3) . Except where noted, all determinations were made at room temperature. For variations in temperature, red cells and lysing solutions were brought to a constant temperature and held there during lysis. Red cells were sedimented within 5 min of addition to lysing solutions by centrifugation for 2 min in a Serofuge (Clay-Adams, Div. of Becton, Dickinson & Co., Parsippany, N. J.). For measurement of critical hemolytic volume, 0.2 ml of cell suspension was added to 0.6 ml of lysing solution. Microhematocrits were determined in triplicate after centrifugation for 5 min in a microhematocrit centrifuge (International Equipment Company, Needham Heights, Mass.). Surface area was calculated from osmotic fragility according to Castle and Daland (13) as described previously (14) .
For measurement of red cell membrane lipids, red cells were washed three times with 0.155 M NaCl and extracted with isopropanol and chloroform (15) for measurement of cholesterol (8) , lipid phosphorus (10) and individual phospholipids (11) as described previously (3) . Red cell ghosts were prepared according to Dodge, Mitchell, and Hanahan (16) .
For measurement of Na and K fluxes after incubation, inosine (10 mM) and adenine (2 mM) were added to cell suspensions 1 h before the end of incubation to assure that adenine nucleotides were normal during these measurements (17) . Cell cation concentration, sodium influx, sodium efflux, and potassium influx were measured as described previously (18) .
For measurement of cell filtration, red cells after incubation were adjusted to an hematocrit of 0.1% by the addition of Hanks' balanced salt solution, and triplicate 10-ml aliquots were filtered through 2. Characteristics of lipid dispersions. The C/P of dispersions prepared by sonication was similar to the C/P of lipids added before sonication for all mixtures except that obtained by the addition of more than 40 mg of cholesterol to 40 To assess the chemical stability of dispersions, the cholesterol and phospholipid content of sonicated lipids, with and without added serum, was measured at various times during storage at 0C and 370C. Samples were centrifuged immediately before lipid determinations. There was no change in the total lipid content or the C/P ratio over the course of 30 days at either temperature. When analyzed by thin layer chromatography, more than 95% of the phospholipid both before and after sonication was lecithin, 1-2% was recovered in the area of phosphatidyl-serine, and the remainder was recovered in the region of lysolecithin. Thus, it appears that neither sonication itself nor storage after sonication had a discernible effect on the synthetic lipids studied.
The buoyant density of sonicated lipids was determined by measuring their flotation in varying concentrations of KBr at 108,000 g for 16 h. To examine the interaction of lipid dispersions and serum lipoproteins, dispersions with a C/P of 2.2 were incubated with normal HDL for 20 h at 37°C, and thereafter HDL and the dispersions were separated by centrifugation at d = 1.063. The C/P of HDL increased from 0.22 before incubation to 0.41 when HDL was separated immediately after mixing. The C/P of HDL increased thereafter to 1.04 at 2 h, 1.23 at 8 h, and 1.44 at 20 h. Thus, although cholesterol-rich lecithin dispersions did not fuse with HDL, their excess cholesterol transferred to HDL.
Effect of cholesterol-lecithin dispersions on red cell membrane lipids. Previous investigators have demonstrated that an equilibrium exchange exists between the cholesterol in red cells and that in whole serum (19) , isolated serum lipoproteins (20, 21) or cholesterollecithin dispersions (7) . In each case, 50% equilibrium is reached in approximately 2 h. Red cells at a hematocrit of 10% were incubated with equal volumes of either serum or dispersions with a C/P of 1.0, each containing ['H]cholesterol. The incorporation of radioactivity into red cells was measured over the course of 24 h. Under both conditions the time to 50% equilibration was 2.3 h. Thus, the exchange equilibrium of free cholesterol between red cells and cholesterollecithin dispersions follows the same time course as the exchange rate with human serum lipoproteins.
Although the movement of cholesterol between sonicated dispersions and red cells did not require the presence of serum proteins, to carry out studies of red cell morphology, sonicated lipids were mixed with either heated normal serum or human serum albumin. Because the C/P of normal serum is approximately 0.5, the addition of serum decreased the total C/P of the serum-sonicate mixture. No changes were observed in red cells incubated in a serum-sonicate mixture consisting of dispersed lipid with a C/P of 1.0 plus normal serum, the C/P of this mixture being approximately 0.9. The effect of serum-sonicate mixtures with a normal (0.9) or increased (1.85) C/P on the cholesterol content of red cells is depicted in Fig. 1 . During incubation for 24 h the cholesterol content of red cells incubated in the presence of cholesterol-rich dispersion increased by 150%, whereas there was no change in the cholesterol content of red cells incubated with cholesterol-normal dispersions. In neither case was there any change in the red cell content of phospholipid nor in the percent composition of the various phospholipids. Moreover, the C/P of ghosts prepared at the end of 24 h was identical to that of intact cells. Thus, red cells incubated with cholesterol-rich lecithin dispersions acquired membrane cholesterol. SERUM-SONICATE FREE CHOLESTEROL IPHOSPHOLIPID (mole/mole) FIGURE 2 Relationship between the C/P of the serum-sonicate medium and red cells incubated in it. The C/P of serum was varied by the addition of cholesterol-dipalmitoyl lecithin dispersions.
The effect of dispersions of varying cholesterol-phospholipid composition on the C/P of red cell membranes is shown in Fig. 2 . The C/P of cholesterol-lecithin dispersions correlated closely with that of red cell membranes over the entire range studied. These results are very similar to observations previously made with lipoproteins obtained from patients with liver disease (3). In none of these incubations, over the complete range of C/P mole ratios studied, was there any change in the red cell content of phospholipid. Thus, the lipid changes observed resulted from the selective acquisition or loss of cholesterol by red cells.
Effect of red cell C/P on membrane surface area. Red cells that had lost cholesterol were osmotically fragile, whereas red cells that had gained cholesterol were resistant to osmotic lysis. The osmotic fragility curves were symmetrical and upright, and therefore only the 50% hemolysis point is depicted in Figs. 1 and 3 .
The time course of the acquisition of osmotic resistance coincided with the acquisition of membrane cholesterol (Fig. 1) , and the time course of cholesterol loss coincided with an increasing osmotic fragility. This close relationship between osmotic fragility and membrane C/P existed over a broad range of values in red cells incubated with either serum-sonicate (Fig. 3) or albuminsonicate mixtures of varied C/P ratios.
Because osmotic fragility is a measure of the surface area-to-volume ratio of cells, it can serve as a measure of surface area only if there has been no change in cell volume. In the studies reported herein, red cells maintained a normal volume and a normal total cation content (Table I ) during incubation. From the formula of Castle and Daland (13) , it was calculated that the osmotic fragility data depicted in Fig. 3 represents a range of surface area from a loss of 13% at a C/P of 0.3 (67% loss of cholesterol) to a gain of 24% at a C/P of 1.8 (100% gain of cholesterol). Thus, over the range of 167% in terms of membrane cholesterol (-67 -+ 100%) membrane surface area changed 37% (-13 -+ 24%). This is equivalent to a change in membrane surface area of 0.22% for each 1.0% change in red cell membrane cholesterol content, a value identical to that observed previously when red cells were incubated in serum depleted of free cholesterol by the enzyme lecithin-cholesterol acyl transferase (LCAT) or serum enriched in free cholesterol as obtained from patients with liver disease (14, 22) .
That the changes seen in osmotic fragility were a result of changes in surface area was further confirmed by measurements of the critical hemolytic volume of red cells exposed to hypotonic solution. Red cells which had lost cholesterol and had a C/P of 0.41 had a volume increase of 30% at the point of 50% lysis, as compared with 76% for red cells that had undergone no change in cell lipids after incubation. In contrast, cholesterol-rich red cells with a C/P of 1.62 underwent a volume increase of 122%, and those with a C/P of 1.80 increased 172%.
Jacobs and Parpart observed in 1931 that the osmotic fragility of red cells was influenced by the temperature at which the osmotic fragility was measured (23) . Careful studies carried out more recently by Murphy established that this difference in osmotic fragility is due to a decrease in cell surface area under conditions of decreased temperature (24) . The effect of membrane cholesterol on the degree to which this change in cell surface area occurs is depicted in Fig. 4 . The mean osmotic fragility of normal red cells increased 0.06 g/100 ml NaCl as the temperature was lowered from 370 to 0C. This is equivalent to a decrease in surface area of 6.2%.
Red cells depleted of cholesterol by incubation with cholesterol-poor serum-sonicate mixtures, which had a C/P = 0.40 -0.42, underwent a more striking change in osmotic fragility when temperature was lowered, the change between 37°and 0°C being equivalent to a change in surface area of 8.6%. In contrast, cholesterol-rich red cells (C/P = 1.75), which had an increased surface area and therefore a decreased osmotic fragility, underwent no significant change in osmotic fragility as the temperature was lowered from 370 to 0°C. Thus, a decreased amount of membrane cholesterol permits a greater than normal degree of compression of cell surface area, whereas an increase in membrane cholesterol fixes the membrane in an expanded form.
Effect of red cell C/P on membrane deformability and permeability. For red cells to traverse pores of small diameter, they must undergo a change in shape. Therefore, spherocytic red cells, which lack the excess mem- brane to accommodate a shape change, do not readily pass through filters with 3-8 Am pores (25) . This characteristic of spherocytic cells was manifested by cholesterol-poor red cells (C/P=0.40), which had a filtration time through 8 /Am Millipore filters more than 20 times normal. The effect of added membrane cholesterol on filtration time is shown in Fig. 5 . Little change in filterability was noted when the C/P of red cells was increased to 1.28. However, with further increases in membrane cholesterol relative to phospholipid, filtration time progressively lengthened to 80% more than normal at a membrane C/P of 2.00. The content of sodium and potassium and the fluxes of these cations in red cells whose membranes had a range of C/P ratios is shown in Table I . Red cells which had become markedly cholesterol-depleted during 20 h of incubation had an increase in cell sodium concentration and a reciprocal decrease in cell potassium concentration, resulting in a total cation concentration that was normal. All ion fluxes measured were increased in these cells, the magnitude of this increase varying from approximately 30% to 100%. Red cells somewhat less severely depleted of cholesterol had a normal sodium influx. The Na and K content and fluxes in cholesterolrich red cells were all within or very near the normal range.
Effect of red cell C/P on cell morphology. When To gain further insight into the relationship between the change in cell cholesterol and the change in cell contour that normal red cells undergo in serum from patients with spur cells, the effect which normalizing C/P ratio of spur cell serum would have on the morphology of red cells subsequently incubated in that serum was studied in serum freshly obtained from two patients with spur cells. The addition of sonicated lecithin in saline to spur serum prevented both the accumulation of cholesterol and the change in cell morphology associated with cholesterol accumulation (Fig. 8) . In addition, these red cells underwent no change in the osmotic fragility. This "normalization" of spur serum occurred in patient A (serum-free cholesterol = 3.05 mg/ml; serum phospholipid = 4.13 mg/ ml) upon the addition of 3.20 mg lecithin/ml of serum; in patient B (serum-free cholesterol = 0.90 mg/ml; serum phospholipid = 1.39 mg/ml) this occurred upon the addition of 1.60 mg lecithin/ml of serum. Thus, it appears that the changes in cholesterol content, morphology, and surface area that normal red cells undergo when incubated in either artificial serum-sonicate mixtures or serum from patients with spur cells are closely interrelated and directly dependent upon the amount of free cholesterol relative to phospholipid in the serum environment.
DISCUSSION
These studies demonstrate that the C/P of the medium in which red cells exist directly influences the C/P within the red cell membrane. No change in either the phospholipid content or the phospholipid composition of red cells was observed in these studies, and changes in the C/P of red cell membranes resulted from a selective acquisition or loss of cholesterol. The effects on red cell shape and lipid composition seen here with cholesterol-poor liposomes are similar to those reported previously when red cells were depleted of cholesterol in vitro by incubation in serum in which cholesterol was depleted through the action of the enzyme LCAT (26, 27) or in vivo after the infusion of pure phospholipid dispersions in rodents (28) . Studies with cholesterol-rich cholesterol-lecithin dispersions reproduce the spur cell defect, and they provide support for the concept that cholesterol is directly responsible for the abnormality of shape and deformability that characterizes spur cells. Morphology of cholesterol-rich red cells. That it is added cholesterol per se that accounts for the morphologic abnormality of cholesterol-rich red cells appears to be substantiated by several sets of data. First, after incubation with either serum from patients with spur cells (3) or with cholesterol-rich dispersions, the time course of the appearance of abnormal cell shapes corresponds to the rate of acquisition of membrane cholesterol. Second, the fact that cholesterol-rich red cells with folded margins can be produced in a totally artificial system excludes other factors present in the serum of patients with spur cells, such as bile acids (29), as important in the genesis of the morphologic abnormality. Third, when phospholipid was added to serum from patients with spur cells so as to render it no longer capable of transferring cholesterol to normal red cells, the red cells incubated in this serum underwent no change in either osmotic fragility or shape.
The reason for the irregular contour of cholesterolrich red cells remains unclear. It has been suggested that biologic membranes are not uniform but rather that they may have "rigid" as well as "fluid" domains within the bilayer (30) . It has also been suggested that with very high cholesterol concentrations within membranes, lecithin-cholesterol complex formation may occur (31) . Either of these phenomena would create a nonuniformity within the cholesterol-rich membrane that may account for the irregularities of contour.
The morphology and surface area of red cells made cholesterol-rich in vitro differ in two respects from spur In obstructive jaundice of long duration and in familial LCAT deficiency, abnormal lipoprotein particles accumulate in plasma, consisting primarily, if not exclusively, of phospholipid (mainly lecithin) and cholesterol in a C/P close to 1.0 (34, 35) , and, like patients with cirrhosis, these patients have targeted red cells rich in both cholesterol and lecithin (4, 33, 36) . While the current studies explain the accumulation of cholesterol by red cells incubated with liposomes or lipoproteins disproportionately rich in free cholesterol, they do not shed light on the mechanism of accumulation of lecithin in cirrhosis, obstructivjaundice, and familial LCAT deficiency.
Although apparently unique among human conditions, the spur cell abnormality is very similar to the abnormality acquired by guinea pig red cells under conditions of prolonged cholesterol feeding. In these animals, LDL is rich in free cholesterol, and, in addition, a new species of LDL appears containing free cholesterol and phospholipid in a C/P of approximately 2.0 (37). Studies using guinea pig serum in vitro demonstrate the same phenomena seen in human red cells incubated with serum from patients with spur cells or with cholesterol-rich liposomes in vitro (38) .
Effect of cholesterol on Na and K permeability. The permeability of red cells to Na and K was increased only in those red cells depleted of 67% of their cholesterol. These red cells also had an increase in Na concentration and a reciprocal decrease in K concentration. Na influx was within the normal range in red cells that had lost only 40% of their cholesterol. In contrast, Poznansky, Kirkwood, and Solomon have reported a 15-45% decrease in K influx in red cells that had lost only 30% of their cholesterol (39) . Red cells that had gained cholesterol had normal Na and K concentrations and normal permeabilities to Na and K. This differs from observations made in cholesterol-rich guinea pig red cells, in which a 60% decrease in ouabain-sensitive Na efflux and a 30% decrease in the ouabain-insensitive Na efflux have been demonstrated (40) . It should be noted that the previously reported decreased erythritol permeability of cholesterol-rich guinea pig red cells (40) and the increased glycerol permeability of cholesterol-depleted human red cells (41) are probably in error, since, as Gottfried and Robertson have recently shown (42) , the methods used to study the permeability of these nonelectrolytes are strongly influenced by the osmotic fragility of the red cell.
Contribution of cholesterol to red cell surface area.
It appears from the present study, as well as from our previous studies with serum from patients with liver disease and serum with an active LCAT (22) , that there is a variation in surface area of approximately 0.22% for every 1% variation in red cell cholesterol content, suggesting that cholesterol accounts for 22% of red cell surface area. This value is consistent with current views of membrane structure that indicate that the red cell membrane is a lipid bilayer with associated and intercalated protein (43) . Cholesterol contributes approximately 38 A2/molecule to the surface area of the cell (44) , and, at low surface tension, phospholipid molecules each contribute approximately 85 A' (45) . If glycolipids and free fatty acids contribute 3-5% to Cholesterol-Rich Red Cell Membrane cell surface area and that, in addition, protein contributes 15-20%, then the cholesterol of a normal human red cell would account for 20-25% of membrane surface area, a value close to that observed in these studies.
Immobilization of the lipid bilayer in cholesterol-rich red cells. Although the lipid composition of red cells varies among mammals, cholesterol accounts for a relatively constant percent (46) . The interaction between cholesterol and the hydrocarbon chains of phospholipid within the membrane appears to restrict the motion of the first six (47) to eight (48) phospholipid carbon atoms from the bilayer surface, permitting increased motion of the remainder of the hydrocarbon chain in the hydrophobic region of the membrane bilayer. In this way cholesterol maintains the membrane bilayer in an "intermediate fluid condition," permitting greater fluidity of hydrocarbon chains in the gel phase while restricting molecular motion in the liquid crystal phase (49) . This concept is supported by a variety of physical measurements, including differential scanning calorimetry (50), laser-Raman spectroscopy (51), proton nuclear magnetic resonance (52), electron paramagnetic resonance (48) , and X-ray diffraction (53) . The intermediate fluid condition is apparent at a C/P of approximately 1.0, i.e. at a ratio of one cholesterol to two hydrocarbon chains. In the current studies, the C/P approached 2.0, i.e one cholesterol for every one hydrocarbon chain. The effect of this added cholesterol on the molecular motion, or fluidity, of the membrane was seen in three ways: First, as we have reported separately, motion of the fluorescent probe, 12-(9-anthroyl) stearic acid, is decreased in the region of the hydrocarbon chains nearest the surface of both spur cells obtained from patients and cholesterolrich cells prepared in vitro (54) . Similar observations have been made in cholesterol-rich guinea pig red cells (55) . Second, the ability of the lipid bilayer to undergo compression as lateral motion of the hydrocarbon chains was decreased in the cold (56) was not observed in cholesterol-rich red cells. This is consistent with the concept that lateral motion was already restricted by excess membrane cholesterol, which fixed the membrane in an expanded form. Third, immobilization of the lipid bilayer in cholesterol-rich red cells was seen grossly as an impaired ability of these cells to change shape and pass through filters of small pore size. Similar results have been obtained with normal red cells made cholesterol-rich by incubation in spur serum (3) .
Inhibition of molecular motion by excess membrane cholesterol is not unique to red cells, but appears to be a general property of mammalian cell membranes. In platelets it causes an increased sensitivity to epinephrine (57) , and in murine lymphoma cells it results in a decreased malignant potential (58) . In red cells, restricted motion at the molecular level is translated to decreased deformability at the macroscopic level, and this appears to underlie the premature destruction of spur cells in vivo.
